MOdeﬁng,of Turbulence in
Starburstlng Galax1es

Evan.Scannapieco
ASU School of Earth and Space Exploration

- w/Marcus Bruggen (Jacobs), William Gray (ASU), & Liubin Pan (ASU)







Optical + Xray Image of Galaxy NGC 1569

C. Martin et al (2002)




High Redshift Outflows

M. Pettini et al (2001)
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SN-DBriven Galaxy Outflows
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ES, Pichon, Aracil, Petitjean, I'hacker,
Pogosyan, Bergeron& Couchman (2006)
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NGC 3077

"

(Grimes et al. 2005)

Outflows are a generic features of galaxies
with 2, = 0.1 Mg yr! kpc? (Heckman 2001)




Supernovae & Cooling
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Modeling Outflows

Springel & Hernquist (2003)

Thacker & ~
Couchman (2000) ES, Thacker, & Davis (7001)
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MacLow & Ferrara (1999)
Mg=108

H=0.52 kpC
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Supersonic Turbulence

Turbulent Decay of Energy
Turbulent Mixing

ES & M. Bruggen (2010)
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ES & M. Bruggen (2010)



FLLASH3.0, AMR

initially hydrostatic galaxy, modeled after NGC 1569

4 levels of refinement, 39 parsec res., 25 X 25 x 30 kpc box
Atomic radiative cooling everywhere.

Component Parameter Value

gas 0.7 kpc

0.2 kpc

2 X 108M@

0.17 Mg /yr

0.25 Zg
gas+stellar - 0.7 kpc
potential 0.2 kpc

3 x 108 Mg
DM halo 2 kpc

35 km/s

ES & M. Bruggen (2010)




E mech

v My . 1.5
»srr = 2.5 x 10™* =
SER yr kpc? (106M@kpc_2)

dNoB

—~— =AN"" 1SN per 150 Mg

10 SNe or greater M ;.. = 2 M,
All K, L=Ry 111

ES & M. Bruggen (2010)




Fluid Equations For Supersonic Turbulence

K = Turbulent KE , L= Turbulent Length Scale
= _ _ R, 24

urb. diffusion V—-Vp,0 <
turb. diffusi —pVCD max ( - 0,0)

O
) + CopL=—r,
Ox,-

growth of eddies

ot T oz ; :gj Ny, Ox;

turb. diffusion

opL  OpLu; O (u, oL

thr()ugh motion in mean flow

pr = CupLV, VvV =2K

turb. viscosity turb. velocity

ES & M. Bruggen (2010)




Fluid Equations For Supersonic Turbulence

Thermal +
6puz Turbulent

ot -' \

6pE | 8pEuj . 0 (/Lt GE) _aP’LLj

ot (9.’13]' 8:16]- NE a.’l?j 8113]'

ES & M. Bruggen (2010)
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Simulations of Mixing in Supersonic Turbulence

We use the FLASH code with modified “Stir unit” for flow and
scalar driving. Periodic simulation box, 512° cells

Turbulent flows:

-Driven and maintained by a solenoidal external force at large
scales 1<k/2n<2

-Amplitude of the force adjusted to obtain 6 Mach numbers from
0.9to6

-Isothermal equation of state.

Passive scalars:

-Same driving scheme used representing new
sources of pollutants at large scales.

-Three independent scalars evolved in each flow
to achieve accurate statistical measurements.

Pan & ES (2010)
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Mixing and Energy Dissipation Timescales

. oEdiss - * Energy dissipation
o Sul ﬁ 1{ rate increases with
5 “l 27 2 T {1 M, shocks
E 5. 0 2 4 6] o
FEREY S G 1* Mixing rate decreases
| | with M compressible
GAE 1 modes are less efficient
_ : at producing scalar
Pan & ES (2010) . structures at small scales

. Kinetic energy contained in compressible modes first increases
with M and then saturates at 1/3 for M>3, corresponding to
equipartition.

2. pdV work has significant contribution (15-35%) to the conversion

of kinetic energy to thermal energy.



Fluid Equations For Supersonic Turbulence
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ES & M. Bruggen (2010)




ES & M. Bruggen (2010)
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2Hx2H (1282 SellS) A Piece of a Galaxy
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4H g = 9o
>(256 Cells) V22 + a?

a= H/2

_[(z2+a2)1/2_a]
H

p(Z,t) = pPo€

ES, W. Gray, L. Pan(2012)




Radiative Cooling Rates in Interstellar Gas
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What Equations do we Solve?
Dp
Dt
Dpuz- | OP
Dt | 8:1:2
DpE | 6Pu]~
Dt | 833]'
DpX,
Dt

Ps(k) (5ij = kL—gJ') exp [- t:ft’ ] We stir at .= H/10

= 0,

(22+a2)1/2 _a]

PGi +sz'e_[ " :

pEcool + pEchema

= pAsRs.

ES, W. Gray, L. Pan(2012)



Chemistry

7 Spectes (H, H",H-, He,He" ,He™ ™, e ), 14 Reactions

An implicit Runge-Kutta Method (4™ order) evolve the species

Sub-cycles-- Run chemistry at smaller timesteps while still
running simulation at hydrodynamic timescale
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Evolution (O, \;=34 km/s)
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Temp & Dens Slices (Oyp ;=34 km/s)

Hot low density
gas builds up = ia
over many
dynamical
times, & pushes
material to high
latitudes

ES, W. Gray, L. Pan(2012)« ~  wm o o am a



Mass-Welghted PDF (o, M—34 km/s)
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Radiative Cooling Rates in Interstellar Gas
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Mass-Welghted PDF (o, M—34 km/s)
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Run Parameters

Name 5’1[),M 5’3D,M H ﬁ(a) H/ Az tfinal Fout.ﬂow
(km/s) (km/s) (Mgpc™) (tayn)

534 34 929 0.061 64 20 0.16
520 20 39 0.0061 64 40 0.02
529 29 o0 0.018 64 20 0.01
561 61 106 0.18 64 10 0.95

S35HR | 35 60 0.061 96 12 0.27

ES, W. Gray, L. Pan(2012)
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Hot Gas Escapes from Dwarf Starbursts
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